Abstract-Broadband wireless packet access will be the core technology of the next generation mobile communications systems. Very high speed and high quality packet transmissions can be achieved by the joint use of multiple-input multiple-output (MIMO) multiplexing and hybrid ARQ (HARQ). However, if single-carrier (SC) transmission is used, the throughput performance significantly degrades due to large inter-symbol interference (ISI) resulting from severe frequency-selective channel. Recently, we proposed an iterative parallel interference cancellation (PIC) for MIMO multiplexing in a frequency nonselective fading channel. In this paper, we propose a frequencydomain iterative PIC for SC-MIMO multiplexing to separate signals transmitted from different antennas while achieving frequency and antenna diversity gain and evaluate, by computer simulation, the throughput performance of turbo coded HARQ using SC-MIMO multiplexing in a frequency-selective Rayleigh fading channel.
INTRODUCTION
Recently, there have been tremendous demands for highspeed data transmissions in mobile communications [1] . However, for such high-speed data transmissions, the channel consists of many propagation paths with different time delays, resulting in a frequency-selective fading channel. The performance of SC transmission significantly degrades due to severe inter-symbol interference (ISI) [2] . Recently, it has been shown that the use of frequency-domain equalization (FDE) can significantly improve the SC transmission performance [3, 4] .
However, the available bandwidth is limited, so higher spectrum efficiency is required. One of the promising techniques is the multiple-input multiple-output (MIMO) multiplexing [5] [6] [7] [8] [9] that uses multiple transmit and receive antennas. In MIMO multiplexing, transmit data sequence is transformed into parallel sequences and each sequence is transmitted from a different transmit antenna at the same time with the same carrier frequency. Therefore, the total transmission rate increases in proportion to the number of transmit antennas without requiring additional bandwidth.. At the receiver, it is necessary to separate the transmit signals. A lot of research attention is given to find the separation methods which provide a performance close to that of maximum likelihood detection (MLD) but with reduced complexity, like Vertical-bell laboratories layered space-time architecture (V-BLAST) [7] , MLD using QR decomposition [8] and so on. Recently, we proposed an iterative parallel interference cancellation (PIC) for MIMO multiplexing in a frequency nonselective fading channel [9] . In this paper, we propose a frequency-domain iterative PIC for SC-MIMO multiplexing to separate signals transmitted from different antennas while achieving frequency and antenna diversity gain.
Broadband wireless packet access will be the core technology of the next generation mobile communications systems. Important techniques for achieving very high speed packet transmissions in a bandwidth-limited and frequencyselective channel are MIMO multiplexing and hybrid automatic repeat request (HARQ). In this paper, we consider SC-MIMO multiplexing using frequency-domain iterative PIC and evaluate, by the computer simulation, the bit error rate (BER) performance and the throughput performance of HARQ combined with rate compatible punctured turbo (RCPT) code [10] in a frequency-selective Rayleigh fading channel.
The remainder of this paper is organized as follows. Section II describes the SC-MIMO multiplexing with the frequencydomain iterative PIC. Section III presents the computer simulated performances of frequency-domain iterative PIC in a frequency-selective Rayleigh fading channel. Section IV concludes the paper.
II. FREQUENCY-DOMAIN ITERATIVE PIC FOR HARQ USING SC-MIMO MULTIPLEXING
A. Transmit and receive signal Fig.1 shows the transmitter/receiver structure of SC-(N t ,N r )MIMO multiplexing using frequency-domain iterative PIC. N t transmit antennas and N r receive antennas are used. At the transmitter, turbo coding is performed on the CRC coded binary information sequence, and the transmit sequences obtained by puncturing the turbo coded sequence are stored in the buffer. In this paper, type II HARQ S-P2 [11] is considered.
After bit-interleaving and data-modulation, the datamodulated symbol sequence is serial-to-parallel (S/P) converted to N t parallel sequences, each to be transmitted from a different transmit antenna. In this paper, QPSK datamodulation is considered. Each QPSK modulated symbol sequence is divided into a sequence of blocks of N c symbols each. Data symbol vector at time t is denoted by 0-7803-8887-9/05/$20.00 (c)2005 IEEE
, where t=0~N c -1. As shown in Fig.2 , the last N g symbols in each block is copied and inserted as a cyclic prefix into the guard interval (GI) placed at the beginning of each block to form a frame with N g +N c symbols.
The resultant GI-inserted data symbol vector ) (t d to be transmitted from N t antennas at time t, where t=-N g~Nc -1, is expressed using the equivalent baseband representation as
where S is the transmit signal power per antenna.
N t frames are transmitted simultaneously from N t transmit antennas using the same carrier frequency. At the receiver, a superposition of N t transmitted signals is received by N r antennas via a frequency-selective fading channel. The channel is assumed to be a symbol-spaced L-path frequency-selective fading channel, each discrete propagation path being subjected to independent fading. It is assumed that the time delay of the lth path, l=0~L-1, is 
receive antennas at the kth frequency can be expressed as follows:
where H(k), S(k) and Π(k) are N r -by-N t complex channel gain matrix, N t -by-1 transmit symbol vector and N r -by-1 noise vector at the kth frequency, respectively. They are given by
is the N r -by-N t complex path gain matrix of the lth path, given by
where ) ( , _ t h l n n t r denotes the path gain of the lth path between the n r th received antenna and n t th transmit antenna. In this paper, block fading where the path gains stay constant over at least one data frame and
for all n r and n t are assumed.
is the noise vector received on N r receive antennas, where { ) (t n r n ; n r =0~N r -1} are characterized by independent zero-mean complex Gaussian processes having variance 2N 0 /T; N 0 is the one-sided power spectrum density of additive white Gaussian noise (AWGN) and T is the length of the symbol transmitted from each transmit antenna. (b) Receiver Figure 1 Transmitter/receiver structure of SC-(N t ,N r )MIMO multiplexing using frequency-domain iterative PIC. Fig. 3 shows the operation of the frequency-domain iterative PIC. FDE based on two-dimensional (2D) minimum mean square error (MMSE) criterion is used to suppress the ISI and the interference from other transmit signals, but interference suppression is not sufficient. So, we propose to perform FDE and cancellation in an iterative fashion. The received signal vector at the kth frequency obtained by performing FDE in the ith iteration is denoted by
B. Frequency-domain iterative PIC
FDE requires accurate channel estimation. In this paper, ideal channel estimation is assumed.
For the i=0th iteration, 2D-FDE is performed to obtain ) (
, which can be expressed as (6) where (.) H is Hermit transpose operation, and I is the N r -by-N r identity matrix. 
Then, the soft decision is carried out using ) ( (8) where β is a parameter that controls the extent to which the soft value contributes to the replica generation.
(c) PIC operation After performing soft decision, FFT is carried out using ) (
to obtain the frequency-domain signals
The interference replicas
are generated and then, subtracted from the received signals to obtain the N t N rby-1 received signal vector
, where the n t th component vector
corresponds to the N r -by-1 received symbol vector transmitted from the n t th antenna. The PIC operation to extract the received signal component vector ) (
is the N r -by-1 channel gain vector (the n t th component vector of ) (k H ) between the n t th transmit antenna and N r receive antennas.
(d) 1D-FDE (i>0)
Since ISI can be partially removed from the received signals by performing PIC, the resulting signals are close to the case of single antenna transmissions. Hence, one-dimensional (1D) MMSE-FDE is applied, for i>0. Joint 1D-FDE and antenna diversity combining is performed to obtain the signal component ) (
at the kth frequency as
where ) (
is the N t -by-N t N r MMSE equalization weight matrix at the (i+1)th iteration, and is given by
where
Here, ) (
is the n t th row component vector of
The above processes (b)~(d) are repeated sufficient number of times. Then, N t transmitted symbol frames are recovered and converted into serial symbol sequence by P/S conversion for data-demodulation and RCPT decoding. In the RCPT decoder, de-puncturing, turbo decoding, and error detection are performed. The result of error detection is transmitted to the transmitter as ACK/NACK. Figure 3 Operation of frequency-domain iterative PIC. Fig.4 shows transmit packet generation method of RCPT Type II HARQ. In this paper, turbo encoder of coding rate R=1/3 is applied. The turbo encoder outputs the systematic bit (information bit) sequence and two parity bit sequences, each has length of K bits. These bit sequences' is K. In this paper, we consider RCPT HARQ S-P2 [11] . It is explained in detail as follows. At the transmitter, the first packet consisting of systematic bits is transmitted. At the receiver, error detection is performed. If there are errors in the received packet, an NACK is transmitted to the transmitter. Then, the second packet is transmitted. It is punctured one of the two parity bit sequences generated with puncture period P=2. Puncturing pattern can be expressed as follows:
III. RCPT HARQ
At the receiver, depuncturing is performed followed by turbo decoding. The parity bits which have not been received yet are replaced by a channel value 0. In this case, turbo decoding corresponds to R=1/2. After turbo decoding, the error detection is performed. If error is detected, the receiver transmits the NACK again. At the transmitter, another punctured parity bit sequence is transmitted. In the receiver side, the second and third received packets are transformed into two parity bit sequences by depuncturing and then, R=1/3 turbo decoding is carried out again. 
IV. COMPUTER SIMULATION
We assume an information bit sequence of K=2048 bits. Coding rate R=1/3 turbo encoder consisting of two (7, 5) recursive systematic convolutional (RSC) encoders [12] is employed. We assume that N r -by-N t channels are independent and identically distributed frequency-selective Rayleigh fading channels and have symbol-spaced exponentially decaying L=16-path power delay profile with decay factor α. Block fading and ideal channel estimation are assumed as in Sect. III. Fig .5 plots the average BER of SC-(2,2)MIMO multiplexing as a function of β. Average signal energy per information bit-to-AWGN power spectrum density ratio E b /N 0 per receive antenna is set as 6dB. It can be seen that the average BER is not so sensitive to β for β ≥ 5, however the optimum value is seen to be about β=5. In the following simulations, we use β=5. b /N 0 . It can be seen that the BER performance improves with the increase in the number of iterations. However, the use of 4 iterations is sufficient since the additional improvement becomes smaller as the number of iterations increases. For comparison, the result for perfect PIC (i.e., the interference from the other antennas are cancelled perfectly) is also plotted. The loss in the required average received E b /N 0 from perfect PIC for an average BER=10 -4 reduces to about 0.4 dB at i=4. Fig.7 plots the RCPT HARQ throughput performance of the SC-(N t ,N r )MIMO multiplexing as a function of the average received energy per symbol-to-noise power spectrum density ratio E s /N 0 per receive antenna. When (N t ,N r )=(2,2) and (4, 4) , the throughput with i=4 is, at most, about 1.9 and 2.0 times as good as that without iterations, respectively, and close to that of perfect PIC. For comparison, the throughput of SC-(1,2) and (1,4)SIMO corresponding to single antenna transmission is also plotted. For E s /N 0 >3dB, the performance of SC-(2,2)MIMO with i=4 is, at most, about 2 times better than that of SC-(1,2)SIMO. On the other hand, the performance of SC-(4,4)MIMO with i=4 is about 4 times better than that of SC-(1,4)SIMO for E s /N 0 >9dB. Fig.8 plots the throughput performances of SC-(N t ,N r )MIMO multiplexing and OFDM-(N t ,N r )MIMO multiplexing. In OFDM-MIMO multiplexing, log likelihood ratio (LLR) [13] is applied to each sub-carrier as a separation method. LLR corresponds to the soft output of MLD. It can be seen from this figure that the performance of SC-MIMO multiplexing is superior to that of OFDM-MIMO multiplexing. When (N t ,N r )=(2,2) and (4,4), the performance of SC-MIMO multiplexing is 1.0~1.9 and 1.0~1.7 times as good as that of OFDM-MIMO multiplexing, respectively. This reason is explained as follows. OFDM has no diversity gain without channel coding. Since no parity bits are transmitted with the first transmission, a second transmission is almost always requested to benefit from coding gain. However, for SC system, there is a large frequency diversity gain even without channel coding. For large E s /N 0 , retransmission may not be necessary and thus has a higher throughput. In this paper, we proposed a frequency-domain iterative PIC scheme for SC-MIMO multiplexing to separate signals transmitted from different antennas while achieving frequency and antenna diversity gain. We evaluated, by computer simulation, the BER and throughput performance of SC-MIMO multiplexing with frequency-domain iterative PIC in a frequency-selective Rayleigh fading channel.
It was found that the use of 4 iterations is enough for performance improvement; the BER performance loss with 4 iterations from ideal PIC is as small as 0.4dB at BER=10 -4 and the throughput performance with 4 iterations is better by about 1.9 and 2.0 times, at most, than that without iterations when (N t ,N r )=(2,2) and (4,4), respectively. In addition, the throughput of SC-MIMO multiplexing was compared with that of OFDM-MIMO multiplexing to show the performance of SC-MIMO multiplexing is superior as it benefits from a large frequency diversity gain.
